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BACKGROUND

Arbuscular mycorrhizal (AM) fungi form one of the most ancient and widespread
plant—-microbe symbioses, occurring in the roots of the majority of land plants (Chen et al.,
2018). Through this mutualistic association, AM fungi provide crucial benefits to their host
plants by enhancing nutrient acquisition (especially phosphorus and nitrogen) and water uptake,
while also improving plant stress tolerance (Chen et al., 2018). In exchange, the plant supplies
the fungus with carbohydrates, allocating up to ~20% of its photosynthetically fixed carbon to
support the fungus The net effect of this partnership is often increased plant growth and biomass
production under nutrient-limited conditions, as the fungi’s hyphal networks access nutrients
beyond the root’s immediate reach. Given the extreme nutrient poverty and abrasive, inert nature
of lunar regolith, harnessing AM fungal symbioses has astrobiological appeal: it could help
plants acquire scarce nutrients and reduce the need for heavy fertilizer inputs in extraterrestrial
agriculture. Researchers have begun exploring such approaches in space analog soils, with
evidence that AM fungi can improve plant performance even in simulants of lunar soil by
boosting nutrient uptake and mitigating substrate toxicity (Parniske, M. 2008). This experiment
builds on that rationale, investigating whether AM fungal inoculation can facilitate lettuce
(Lactuca sativa) growth in a lunar regolith simulant by creating a more supportive,

nutrient-accessible rhizosphere.

EXPERIMENTAL DESIGN

The plants were grown in a cabinet at Eastside Preparatory School lit by a white LED
light bar. The cabinet allowed air flow with the room-temperature classroom outside but blocked
nearly all light coming from that room. So, constants such as light, temperature, and air content
were easily maintained. Watering and measuring the plants left the cabinet doors open for about

1 hour every week, a disturbance that was deemed negligible.

The growth medium consisted of a mixture of 50% lunar regolith simulant (LHS-1),
27.5% fine sand to reduce compaction, 7.5% perlite for aeration and drainage, 5% compost to
provide minimal nutrients that make fungal benefits measurable, and 10% fungal inoculant. This

mixture balanced biological realism (low nutrients, simulating lunar soil) with the minimum



conditions necessary for plant survival. The fungal inoculant (Endo Blend Granular Mycorrhizal
Inoculant from The Soil Makers) was chosen because it had four different strains of AM fungi
and was free of other additives. These fungi have a synergistic effect on each other which
quickens inoculation, and a larger number of AM fungi strains increases the likelihood that one
strain will be a more suitable symbiotic partner for the lettuce (Chen et al., 2018). The dormant
fungal spores are carried by mineral clay fragments which, though inert, is still an extra variable
that must be controlled. So, instead of only adding inoculant to the experimental group, half of
the inoculant was sterilized before being added to the control group as well. The sand, perlite,
and compost were also sterilized to minimize the chances of introducing unwanted
microorganisms into the medium. In addition, distilled water was used to water the plants so that
none of the minerals and contamination present in tap water (Ca*’, Mg?', Na’, K, nitrates,

organic compounds, etc.) would enrich the low-nutrient soil.

Measurements taken weekly from weeks 1-7 to gauge overall plant health included plant
height, width, leaf count, and qualitative changes documented through standardized photographs
with scale references. At week 8, one plant per pot was harvested and analyzed for root length,
fresh and dry biomass of shoots and roots, and fungal colonization levels. This data is most
useful for answering our question but could not be recorded before the end of the grow period

without causing significant plant stress and root breakage.

HYPOTHESIS

We hypothesized that lettuce plants grown in a nutrient-poor lunar regolith simulant
would show improved growth and survival when inoculated with AM fungi, compared to
uninoculated control plants. In particular, the presence of live AM fungi was expected to enhance
the host’s uptake of phosphorus and nitrogen from the simulant, thereby increasing plant biomass

accumulation and health relative to non-mycorrhizal controls.

INDEPENDENT VARIABLES



The primary independent variable in this experiment was the presence versus absence of
live AM fungal inoculation in the growth medium. The experimental group (“+AMF”) received a
Glomus-based AM fungal inoculum mixed into the potting substrate, whereas the control group

(“~AMF”’) was given the same substrate mixture but with the inoculum sterilized to eliminate

any viable fungi. In practice, both groups used an identical soil blend but only the experimental
pots contained live mycorrhizal fungi. Thus, any differences in plant growth between treatments

can be attributed to the effect of the AM fungi introduced in experimental conditions.

DEPENDENT VARIABLES

Plant growth and health were tracked through multiple dependent variables,
encompassing both quantitative morphology measures and symbiotic indicators. Throughout the
8-week growth period, we recorded above-ground growth metrics such as seedling emergence
rate, plant height, rosette diameter (leaf spread), number of leaves per plant, and the area of the
largest leaf. These metrics reflected overall vigor and canopy development. At harvest, below-
ground traits were assessed, and the p-values determined through the Student’s t-test: we
measured the length of the longest root and the total root biomass (fresh weight and dry weight)
for each plant, alongside shoot biomass, to evaluate how the treatments affected root
development and total productivity. Additionally, to confirm and quantify the symbiosis in the
inoculated group, we determined the percentage of root length colonized by AM fungi via
microscopic examination of cleared and stained root samples. This suite of dependent variables
enabled a comprehensive comparison of plant performance (in both shoots and roots) and fungal

colonization between mycorrhizal and non-mycorrhizal treatments.

CONTROLS

Several environmental and substrate factors were rigorously controlled to ensure that the
two treatment groups experienced identical conditions aside from the mycorrhizal inoculum. All
pots were prepared with the same base soil composition, mixed in a single batch to homogenize

nutrients and texture. Each pot was given an equal soil volume and initially received the same



batch of lettuce seeds to standardize germination potential. Light conditions were uniform: plants
were grown under white LED lamps on a 14-hour light/10-hour dark cycle, simulating a
consistent diurnal rhythm for photosynthesis. Temperature and relative humidity were
maintained at stable growth-chamber settings (approximately 21-23°C and ~50% humidity) for
all pots. We also controlled the watering schedule across treatments — for example, in early
weeks all plants were misted daily, and in later weeks each pot received the same measured
volumes of water on the same days, with adjustments made in unison as plants grew. Soil pH
was monitored weekly and remained around neutral (pH ~7.0) in both groups, a level optimal for
lettuce growth and AM fungal activity. To prevent any cross-contamination of live fungi into
control pots, physical precautions were in place: each pot’s drainage was isolated (pots were
elevated above catch trays so that leachate couldn’t flow between them), and husbandry tools
were sterilized between use on control vs. experimental groups. These controls ensured that any
observed differences in plant growth could be attributed to the presence of AM fungi rather than

extraneous variables.

METHODS

A substrate mixture consisting of 1.1 kg fine sand, 300 g perlite, 200 g compost, and 200
g fungal inoculant was sterilized in a pressure cooker on steam mode for 60 min at 15 psi, using
1.3 cups of water placed outside the Mason jars containing the substrate. The sterilized sand,
perlite, and compost were then mixed with 2.0 kg LHS-1 and approximately 500 mL deionized
water. Next, 185 g of unsterilized inoculant was mixed into half of the soil mixture, and 185 g of

sterilized inoculant was mixed into the remaining half.

Eighteen pots were labeled as control (C) or experimental (E) and numbered 1-9 within
each group. For record-keeping, individual plants within each pot were later labeled 1-15 from
the top left to the bottom right corner after a dash (e.g., C9-15). Thin cloth was placed over the
drainage holes to minimize substrate loss, and each pot was elevated approximately 1 cm from
the container bottom to prevent drained water from mixing between pots and contaminating the
control group with live fungi. All pots were filled with equal amounts of the substrate mixture.

Approximately 1.6 g sterilized inoculant was added to each of the nine control pots, and ~1.6 g



unsterilized inoculant was added to each of the nine experimental pots, ensuring placement that

promoted root contact.

Approximately 500 lettuce grains were germinated by soaking, rinsing, and placing them
on a damp towel. The 270 healthiest seedlings were selected, and 15 seedlings were positioned
equidistantly in each of the 18 pots. All pots were placed in a dark cabinet approximately 0.5 m
below white LED lights programmed for 14h daylight and 10h night. Watering was adjusted as
plants developed: daily misting during the first two weeks, 20 mL every other day during weeks
3—4, and gradually increasing volumes during weeks 5—8. Watering amounts were changed if
plant showed signs of overwatering or underwatering, but the two groups always got the same
amount and frequency of water. When the space became limited or the lettuce became too

entangled, a constant number of the smallest plants from each pot were thinned out and disposed.

Once a week during weeks 1-7, the healthiest plant in each pot was measured. Its height
was recorded as the length of its primary stem, and its width as the added length of its two
longest lateral stems. Leaf count was the number of live leaves. Then, a top-down photograph of
all plants was taken with the control group on the left and the experimental group on the right,

and a 30cm ruler for reference.

At week 8, all plants were harvested. First, plants and soil were removed from the pots,
and plant roots were rinsed clean of soil. The healthiest plant from each pot was kept and the rest
discarded. After drying and separating the roots and shoots of each plant, the wet biomass of
roots and shoots were then weighed. Plant material was then cut into ~1 cm pieces. The pieces
were mixed, and a subsample of each plant was put into each of 18 Eppendorf tubes for storage.
With the use of PPE, 1 mL KOH was added to each tube to clear and preserve the tissue. Then,

tubes were closed and placed on a rack for later dyeing and microscopy.

The remaining root pieces were weighed again to get the partial wet root biomass. These
roots were then placed into a second set of Eppendorf tubes and left with open caps in a dry,
warm cabinet for one week. Dry biomass of whole roots was extrapolated from percent weight
change in the partial biomass. Shoots were dried between sheets of paper in a heavy notebook.

After a week, the dry shoot biomass was recorded.



Then, the staining procedure was carried out to dye root fungi with ink so they would be
visible under a compound microscope. Root samples in KOH were incubated in a heat block for
10 min at 90 °C. Using PPE and a micropipette, KOH was removed then diluted in water to be
disposed of safely. KOH served to de-stain the roots and degrade cell walls to improve staining
quality. Afterward, 1 mL of a 5% acetic acid solution, the purest available store-bought white
vinegar, was added to each tube to wash the roots. After removing the acid, 1 mL staining
solution (5% Higgins non-waterproof black ink in 95% store-bought vinegar) was added to each

tube, and samples were heated for 10 min at 90 °C.

Roots were removed with tweezers, rinsed with water, and transferred to microscope
slides containing glycerol as a mounting medium. Coverslips were applied and sealed with nail
polish. Prepared samples were examined under a microscope to visualize stained fungal

structures, and rough percent colonization was recorded (Jarratt-Barnham, 2024).

RESULTS

While on most weeks the lettuce were regularly watered on Mondays, Wednesdays, and
Fridays, holidays and other school closures interrupted that schedule, and some waterings were
skipped for fear of overwatering. The plants were thinned to 5 per pot after week 2, 3 per pot at
week 5, and 1 per pot after harvesting at week 8. Further observations, dates, and watering
details from the grow period are available in Appendix S1. Raw data for the following
post-growth analysis graphs can be found in Appendix S2.
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In Figures 3-6, data points represent average values, and error bars represent standard
deviation. Data on lettuce width over time can be found in both appendices but was omitted from
this report because of unreliable measurements: sometimes, lateral leaves were not extended
before being measured, so as a result, those measurements were largely determined by leaf

limpness instead of leaf length.
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Through microscopy, we found that Higgins ink did not stain any root structures, and no
fungi were visible (Fig. 7). So, the staining and microscopy procedures were attempted again
using Sheaffer ink, which had been successful in similar experiments (Jarratt-Barnham, 2024).
However, many of the roots became too dark, and there was no obvious sign of fungi (Fig. 8).
Additionally, since the same roots were reused in the second attempt, they had sustained damage

from handling and were not as well preserved as before.
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Fig. 7. Microscopy of root samples from each plant, dyed with Higgins non-waterproof black
ink. No fungi were visible in any of the samples.

Fig. 8. Microscopy of root samples from each plant, dyed with Sheaffer black ink. The C2
sample was lost during staining. No fungi were visible in any of the samples.

DISCUSSION & CONCLUSIONS

We were unable to confirm fungal colonization via microscopy in the experimental
group, but this absence does not conclusively mean the symbiosis failed. Root damage and
imperfect dye strength could have interfered with the visibility of fungi, and additional abiotic
stressors, such as erratic humidity or suboptimal temperatures, could have further hindered

colonization or fungal survival. Moreover, the inoculum viability may have been compromised,
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or native pathogens may have outcompeted the introduced fungi. Only a subset of roots was
sampled for staining and microscopic observation, leaving the possibility that colonized
segments were missed, especially if colonization was sparse or uneven. AM symbiosis typically
takes several weeks to establish, and more for the fungi to expand. With more time, qPCR or
AMScorer and AMReader could be used to confirm the presence and quantity of fungi
(Jaratt-Barnham, 2024). Still, the consistent and statistically significant differences in biomass
and root morphology between treatments suggest that AM fungi or at least their attempted
establishment had measurable physiological effects. This validates the experiment's core inquiry
and highlights the critical role of timing, fungal compatibility, and environmental control in the

success of plant-microbe partnerships in extraterrestrial agriculture.

Contrary to our initial expectations, the AM fungi inoculation did not dramatically
improve lettuce growth in the lunar regolith simulant. By the end of the trial, there were no
significant increases in shoot biomass or leaf production attributable to the mycorrhiza; instead,
the control group (no AM fungi) developed longer average root lengths and greater dry biomass
than the mycorrhizal group, a difference that was statistically significant (p < 0.01). One
interpretation is that non-inoculated plants, facing nutrient scarcity alone, responded by investing
more into root exploration, thereby growing longer roots in search of nutrients. In contrast,
mycorrhiza-inoculated plants may have allocated resources differently — perhaps relying more on
the fungus for nutrient foraging instead of extending roots, or conversely, being hampered in root
growth by the metabolic costs of supporting the fungus. The similar (or lower) shoot and leaf
yields in the inoculated plants suggest that the anticipated benefits of the symbiosis (improved

nutrient uptake leading to greater biomass) did not fully materialize under these conditions.

Several biological factors could explain why the AM fungi failed to confer a growth
advantage in the harsh, low-nutrient simulant, and why inoculated plants had less growth than
controls. Functional specificity is one important consideration: not all AM fungi species are
equally beneficial to all host plants, especially under extreme nutrient stress. It is known from
other studies that mycorrhizal growth responses can vary from highly positive to neutral or even
negative depending on the particular fungal strain and the soil nutrient context (Wang et al.,
2016). The commercial inoculum used contained species of Rhizophagus/Glomus that have been

effective in crops including lettuce, but it’s possible that in Lactuca sativa and under the
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near-starvation phosphorus levels of the simulant, the symbiosis was suboptimal. Indeed, prior
research on legumes has shown that only certain AM fungal partners significantly improved
growth at low phosphorus, while others provided little to no benefit (Wang et al., 2016). If the
dominant fungi in our inoculum were not functionally well-matched to scavenging phosphorus in
regolith or to associating with lettuce roots, the plants might not have received a net nutrient

boost despite being colonized.

Another likely factor is the carbon cost of supporting the fungi under conditions of severe
nutrient limitation. While AM fungi can enhance a plant’s access to nutrients, the symbiosis is
not free — the plant must pay a substantial carbon fee to its fungal partners. Parniske (2008) noted
that up to 20% of a host’s photosynthates can be shunted to the fungus (Andrino et al., 2020). In
a nutrient-poor environment, a plant’s energy and carbon resources are already limited; allocating
a large fraction of its photosynthetic output to the fungus could become detrimental if the fungus
cannot supply adequate nutrients in return. The literature suggests that under extremely low soil
fertility, the trade balance of the symbiosis can tip unfavorably for the plant: as soil phosphorus
becomes less available, plants actually have to invest even more carbon to maintain the fungal
network, due to the fungus needing to grow more extensively and respire more to find scarce
nutrients (Andrino et al., 2020). Our experimental conditions — essentially a sand/regolith
mixture with minimal available P or N — may have exemplified this scenario. It is possible that
the fungi simply could not scavenge enough phosphorus from the simulant to repay the plant in
kind. This outcome aligns with the concept that AM fungi can behave as carbon sinks or even

mild parasites when nutrients are too scarce to fuel a mutualistic exchange (Andrino et al., 2020).

It is also plausible that biotic interactions or stress responses interfered with the expected
mycorrhizal benefits. The introduction of live inoculum, despite efforts at purity, could have
brought in other soil microorganisms (such as saprophytic fungi or bacteria) or latent pathogens.
In a closed pot system with very limited nutrients, any introduced microbe could compete with
the plants for those nutrients or otherwise impact root health. If, for instance, some microbial
contaminants proliferated in the experimental pots, they might have negated the positive effects
of the AM fungi or even caused additional stress to the plants (damping-off, minor root rot, etc.),
thereby suppressing growth. Even the AM fungi themselves could induce a mild defense

response in lettuce under these novel conditions — plants that are heavily colonized sometimes
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exhibit growth depressions if the symbiosis functionality is imbalanced. Additionally, the sterile
starting conditions mean the native soil microbiome (which can assist plant growth) was absent;
the control plants, though lacking AMF, also lacked any microbes, whereas the experimental
plants had AMF but not necessarily the full complement of helpful rhizobacteria that often co-act
with mycorrhizae. In natural settings, mycorrhizal fungi often work in concert with certain

bacteria, a synergy which would be missing here.

An alternative explanation for the absence of visible AM fungal structures in stained
roots is that the commercial inoculum may not have contained viable fungal propagules capable
of establishing a symbiosis. A recent systematic evaluation of 16 commercially marketed AM
fungal inoculants found that only three products actually led to measurable root colonization, and
only one conferred a positive growth response under controlled greenhouse conditions (i.e.,
increased biomass relative to uninoculated controls) (Boussageon et al., 2025). Furthermore, an
expanded analysis across dozens of global products revealed that the vast majority of
commercial AMF inoculants fail to induce colonization in plant roots, with up to 85 % of tested
products showing poor quality and no measurable symbiotic effect (Boussageon et al., 2025).
This suggests that many commercial preparations may be marketed as “mycorrhizal” without
actually delivering live, viable fungi in sufficient propagule numbers. In our experiment, if the
inoculum lacked sufficient viable AM fungal spores or hyphae, then inoculated plants would not
have established a true symbiotic network, explaining both the lack of symbiotic structures seen

under microscopy and the lower biomass in the experimental group.

Moreover, commercial products may contain abiotic or non-fungal components (such as
nutrient carriers, organic material, or mineral supplements) that can promote plant growth in
nutrient-rich garden soils but do not function as true mycorrhizal inoculants in extreme,
low-nutrient substrates like lunar regolith simulant. Some analyses indicate that perceived
benefits from such products in horticultural contexts could stem from these additives rather than
genuine fungal activity, as many inoculants rely on nutrient fertilizers or biostimulant carriers to
give an appearance of effectiveness in conventional settings but fail to establish functional
fungal-plant symbioses in rigorous tests (e.g., root colonization assays). In our context, the
presence of non-fungal growth stimulants would not substitute for the nutrient acquisition role

normally provided by AM fungi, especially in an oligotrophic substrate with minimal organic



13

matter. If the inoculum primarily contributed abiotic growth aids rather than viable fungi, any
observed effects (or lack thereof) would be misattributed to mycorrhizal activity, confounding
interpretation. These considerations underscore that commercial AMF products should be
independently verified for propagule viability and colonization potential before deployment in
research or extraterrestrial agriculture applications, since a failure to establish living mycorrhizal
networks can lead to misleading experimental outcomes and incorrect conclusions about the role

and utility of AM fungi in novel environments.

In summary, this astrobiology-inspired experiment demonstrated that simply inoculating
lettuce with AM fungi in a lunar regolith simulant did not automatically yield better growth,
underscoring the nuanced, context-dependent nature of mycorrhizal symbiosis. Our hypothesis
that AM fungi would markedly improve plant performance in the simulant was not supported by
the final results. These findings highlight that while AM fungi are globally beneficial mutualists,
their efficacy in unconventional substrates (like lunar soil analogs) hinges on multiple factors:
the right fungal partner, the presence of at least minimal accessible nutrients, and a favorable
balance between costs and benefits to the host. For future research aimed at space agriculture,
this suggests that additional strategies may be required to unlock the value of AM fungi. For
example, selecting more efficient fungal strains (those functionally specialized for nutrient
scavenging under extreme P starvation), co-inoculating with growth-promoting bacteria, or
slightly amending the regolith with nutrients to support the fungus could all potentially tip the
balance toward a beneficial outcome. The concept of using AM fungi to facilitate plant growth in
lunar regolith remains promising in principle, but our results emphasize that the implementation
must account for the complex biological and environmental interactions at play. The functional
specificity of the plant—fungus pairing, the carbon trade economy of the symbiosis, and the
extreme nutrient context all determine whether AM fungi act as helpers or hindrances in a given
scenario (Wang et al., 2016). Understanding and optimizing these factors will be crucial as we

continue to explore sustainable methods for cultivating food crops beyond Earth.
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PHOTOS

Fig. 9. Lettuce at week 1 (Oct. 8). Control group is
on the left, and Experimental group is on the right

Fig. 13. Lettuce at week 5 (Nov. 5) Fig. 14. Lettuce at week 6 (Nov. 12)



Fig. 15. Lettuce at week 7 (Nov. 19)

Fig. 16. Lettuce after being harvested (Oct. 15).
Control group is on the top, and Experimental
group is on the bottom.
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